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Using the local-density approximation, and calculating the Hellmann–Feynman forces, the stability
of the perovskite-like structures of CaTiO3 have been studied by applying the direct method and
deriving the phonon dispersion relations. The cubic Pm3¯m phase shows dispersionless soft phonon
branch spreading from R to M points of the cubic Brillouin zone. Low-symmetry phase I4/mcm can
be considered as a result of the soft mode condensation at R point. The experimentally observed
Pmnb phase is a consequence of the intersection of Imma and P4/mbm space groups, being the
result of soft mode condensation at R and M points, respectively. Thus, the Pmnb can be regarded
as simultaneous condensations of two soft modes. The phonon dispersion relations of Pmnb
suggest that this phase is stable. © 2001 American Institute of Physics. @DOI: 10.1063/1.1337057#I. INTRODUCTION
Perovskite oxides such as CaTiO3 have been thought to
be an important constituent of the waste forms that are being
developed for the disposal of high level radioactive wastes
since these oxide materials are capable of immobilizing lan-
thanides and actinides by forming solid solutions with them.
The CaTiO3 is well-known to be one of the important basic
materials of ferroelectric ceramics. This compound is also
used as a thermally-sensitive resistor element due to its nega-
tive temperature coefficient, and as a refractory material with
high corrosion resistance to caustic solutions.1 Crystalline
CaTiO3 can be mechanochemically synthesized by grinding
the mixture of CaO with anatase or rutile forms of TiO2 .2
The structure of CaTiO3 phase as a function of tempera-
ture has been studied several times. Naylor and Cook,3 mea-
suring the heat capacity, reported presence of one phase tran-
sition. Vogt and Schmahl4 and Liu et al.5,6 reported also one
phase transition using the differential thermal analysis and
the x-ray diffraction, respectively. This phase transition sepa-
rates the low-temperature orthorhombic phase from the high-
temperature cubic one. Wang and Liebermann7 proposed two
phase transitions separating low-temperature orthorhombic
intermediate-temperature tetragonal P4/mbm phase, and
high-temperature cubic phases. Guyot et al.8 observed two
phase transitions in the heat capacity measurement, and sug-
gested the orthorhombic Pmnb and Cmcm symmetries for
the low- and intermediate-temperature phases, respectively.
Crystallographic studies by Sasaki et al.,9 Buttner and
Maslen,10 and Arakcheeva et al.11 concluded that the low-
temperature phase at room temperature and the one above
1530 K are orthorhombic Pbnm structure and the cubic
Pm3¯m structure, respectively.
a!Electronic mail: krzysztof.parlinski@ifj.edu.pl2390021-9606/2001/114(5)/2395/6/$18.00
Downloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject toMatsui et al.12 recently confirmed the presence of
two phase transitions at about 1390 and 1530 K. Their x-ray
diffraction patterns suggest the Pbnm
Cmcm
Pm3¯m
sequence of phase transitions. Redfern13 had carried out the
high-temperature powder x-ray diffraction measurements
and suggested another sequence: Pbnm
I4/mcm

Pm3¯m . The Pbnm
I4/mcm transition induces a large
spontaneous strain. The second phase transition I4/mcm

Pm3¯m shows negligible spontaneous strain. Moreover,
above Pbnm
I4/mcm transition the intensity of the back-
ground begins to rice, being a sign of substantial disorder
present in the crystal.
In this work we present results on CaTiO3 crystal ob-
tained within the density functional theory. To our best
knowledge these are the first ab initio studies for CaTiO3
lattice dynamics. We show that at zero temperature the stable
phase has the experimentally observed Pbnm structure
(Pbnm is equivalent14 to Pmnb). From the space group
point of view, the Pbnm phase is a result of condensation of
two soft modes in Pm3¯m structure, one at R, the second at
M reciprocal lattice points. For the orthorhombic structure
the complete lattice dynamics is calculated. Our results also
indicate that the high-temperature cubic phase possesses soft
mode mainly at the R reciprocal lattice point, which could
lead to the disordered phase of I4/mcm symmetry. The
orthorhombic Cmcm phase might arise from a soft mode at
X reciprocal point of cubic lattice. We, however, find that the
soft mode frequency at X point and the ground state energy
do not favor the Cmcm phase.
II. METHOD
The ab initio calculations of CaTiO3 crystals were car-
ried out using the density functional theory with the local
density approximation ~LDA! as implemented in the VASP5 © 2001 American Institute of Physics
 AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 15 ATABLE I. Data used and obtained in the present ab initio calculations of CaTiO3 : orientation of the studied
unit cells with respect to the cubic unit cell, optimized zero-pressure lattice constants, deficit of ground state
energy DE5E2Ecubic in eV per cubic unit cell (Z51), and with respect to the cubic Pm3¯m phase, reduced
unit cell volumes V/Z ~in Å3) corresponding to original perovskite (Z51) unit cell, optimized zero-pressure
structural parameters. Experimental lattice constants of natural orthorhombic Pmnb phase are a57.637(3),
b55.444(1), c55.378(1).
Space group Pm3¯m (Oh1) P4mm (C4v
1 ) Cmcm (D2h17 ) I4/mcm (D4h18 ) Pmnb (D2h16 )
Orientation ac5ao(1,0,0) at5ao(1,0,0) aO5ao(1,0,1) at5ao(1,1¯ ,0) aO5ao(0,0,2)
of unit cell ac5ao(0,1,0) bt5ao(0,1,0) bO5ao(1,0,1¯ ) bt5ao(1,1,0) bO5ao(1,1,0)
cc5ao(0,0,1) ct5ao(0,0,1) cO5ao(0,2,0) ct5ao(0,0,2) cO5ao(1¯ ,1,0)
Lattice constants a53.8251 a53.6606 a57.6328 a55.2189 a57.4020
in Å c54.2862 b55.3784 c57.6555 b55.3596
c55.3989 c55.1724
Energy DE 0.0000 20.8996 20.6049 21.2219 21.4455
Volume V/Z 55.9665 57.4350 55.4092 52.1280 51.2996
Atomic positions Ti:~ 12,
1
2,
1
2! Ti:~
1
2,
1
2,u! Ti:~
1
4,u,
1
2! Ti:~0,0,0! Ti:~0,0,
1
2!
Ca:~0,0,0! Ca:~0,0,v! Ca:~0,0,0! Ca:~ 12,0,
3
4! Ca:~u,
1
2,v!
O:~ 12,
1
2,0! O1:~
1
2,0,t! O1:~
1
4,v ,t! O1:~0,0,
3
4! O1:~t,
1
2,w!
O2:~ 12,
1
2,w! O2:~0,0,
1
2! O2:~u ,v ,0! O2:(x ,y ,z)
u50.4632 u520.0053 u50.1786 u50.5593
v520.1040 v50.6041 v50.3214 v50.5142
t50.5767 t50.2767 t50.4699
w50.0475 w50.0988
x50.2006
y50.5517
z50.1982package,15,16 and with Vaderbilt-type ultrasoft pseudopoten-
tials provided with VASP. VASP solves the generalized Kohn–
Sham equations by an iterative matrix diagonalization based
on the minimization of the norm of the residuum vector to
each eigenstate and an optimized charge-density mixing rou-
tine. The pseudopotentials for Ca, Ti, and O atoms are rep-
resenting s2p0, d3s2p0, and s2p2 electron configurations, re-
spectively. We used three supercells corresponding to
structures of symmetries Pm3¯m , I4/mcm , and Pmnb . Each
supercell contained 40 atoms, and had the closest shape to
23232 cubic supercell. Such a choice of the supercell guar-
antees that in each case the same neighbors are included into
the dynamical matrix. A plane-wave basis set with 400 eV
cutoff is used to expand the electronic wave functions at
special k-points generated by 23232 Monkhurst–Pack
k-mesh. For the P4mm and Cmcm ground state calculations
and structures we have used supercells of the primitive unit
cell sizes with five and ten atoms, respectively. The evalu-
ated structural parameters and the ground state energies are
given in Table I.
The phonons are determined by the direct method,17,18
using the optimized supercell subject to a given symmetry.
For that, the Hellmann–Feynman forces are computed for
independent displacements required by the symmetry of the
unit cell. The displacement amplitudes are of the order of
0.5% of the lattice constant. The displacement configurations
generate 480, 1080, and 1440 components of Hellmann–
Feynman forces for Pm3¯m , I4/mcm and Pmnb supercells,
respectively. Using the program PHONON,19 which incorpo-
rates the space group symmetry elements, one finds 22, 45,
and 78 force constant matrices, with 49, 228, and 616 inde-pr 2010 to 130.34.135.83. Redistribution subject topendent parameters spread over 9, 20, and 37 coordination
shells, respectively. The force constant parameters are fitted
to the Hellmann–Feynman forces by the singular value de-
composition algorithm, which simultaneously provides the
least-square solution. Independent of the range of interaction,
the direct method gives exact phonon frequencies at wave
vectors commensurate with the supercell size, provided the
supercell shape guarantees complete list of neighbors of each
coordination shell such that the dynamical matrix conserves
its symmetry. The structures considered here satisfy this con-
dition. For the studied structures the exact phonon frequen-
cies are obtained at (G ,X ,M ,R), (G ,X ,Z ,) and (G ,T) high-
symmetry points, respectively. In CaTiO3 the magnitude of
the force constants ceases out with distance in a moderate
manner; therefore, some phonon branches might be repro-
duced only approximately.
In CaTiO3 the macroscopic electric field splits the infra-
red active optical modes to transverse ~TO! and longitudinal
~LO! components. The TO phonon frequencies are calcu-
lated within the direct method. The LO modes depend on the
nonanalytical term,20 which in turn depends on the effective
charges Zi* . For Pm3¯m cubic structures, Zhong et al.21
have calculated the tensors of effective charges as ZCa*
52.578, ZTi*57.078, Zxx ,O* 522.002, and Zzz ,O* 525.652.
We use these data and «‘55.81 in all presently investigated
structures, taking care of the proper orientation of the effec-
tive charge tensors. It would be worth mentioning that in the
present work all soft modes are not influenced by the effec-
tive charges. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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The high-temperature phase of CaTiO3 has the cubic
Pm3¯m structure. We have optimized the 23232 supercell
of Pm3¯m symmetry, and the lattice parameters are listed in
Table I. The ground state energy was Eo5243.3021 eV. We
have also calculated the Hellmann–Feynman forces for dis-
placed Mg, Si, and O atoms, along z and x, z directions,
respectively, and used the direct method to derive the pho-
non dispersion relations shown in Fig. 1. Out of 15 phonon
branches, several are soft. At R:~ 12, 12, 12! point the triply degen-
erate mode22 R4
1 ~or in Ref. 23 k13t9) has the lowest fre-
quency. The mode22 M 3
1 ~or in Ref. 23 k13t3) has almost
the same frequency at M:~ 12, 12,0! point. A phonon branch
along @ 12, 12,z# direction between R and M points remains dis-
persionless and soft, however, there are no symmetry rela-
tions which force this dispersion curve to be flat.
In cubic CaTiO3 one observes another soft mode at the G
point ~Fig. 1!. Its symmetry is T1u(TO) and frequency i6.02
THz. This soft mode could induce a P4mm phase, which
allows for the ferroelectric state. In Table I one sees that this
structure does not possess very low energy.
There are two types of structural phase transitions
driven by the soft mode: the order–disorder and the
displacive-type.24 In both cases one calls the high- and low-
symmetry phases as disordered and ordered, respectively. A
characteristic feature of the order–disorder phase transitions
is that in the ordered phase some atoms move in the multi-
well local potential, in other words they occupy only a single
local minimum. In the disordered phase the thermal fluctua-
tions cause the atoms to jump over the barrier between these
local potential minima, leading in effect to average disor-
dered structure. On the contrary, in the displacive phase tran-
sition all the atoms move in a single local minimum, and the
phase transition is caused by the frustrating interaction be-
tween the neighbors. In the low-symmetry phase the frustra-
tion leads to structural distortions, while the high-symmetry
phase gains symmetry elements due to thermal motion which
overcomes the frustrated interaction. We shall call such a
high-symmetry phase a displacively disordered one.
FIG. 1. Phonon dispersion relations of CaTiO3 for perovskite cubic Pm3¯m
phase. Exact phonon frequencies are at G, X, M, and R points.Downloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject toThe ab initio lattice vibration calculations give the infor-
mation whether the local atomic potential is single, or mul-
tiwell. Namely, when an eigenvalue of the on site force con-
stant F~0,0! of any atom is negative, then the local potential
must be multiminimum, and the crystal is stabilized by the
anharmonic part of the interaction potential. When all eigen-
values of F~0,0! are positive, then the local potential of a
given atom possesses a single minimum. We found that the
cubic perovskite phase of CaTiO3 is a displacively disor-
dered phase, since the local potentials of all atoms have
single minima.
IV. SYMMETRY RELATIONSHIPS
The soft mode irreducible representation induces a list of
space subgroups. Such group–subgroup relationships give
the low-symmetry unit cell. The polarization vector of the
soft mode indicates the directions of atomic displacements,
and hence the distortions of the parent structure which leads
to the low-symmetry structure. Then, only the displacement
amplitudes and the new lattice constants require optimiza-
tion. The Pm3¯m cubic space group can be lowered by the
irreducible representations of the soft modes according to the
following subduction diagrams:22
Pm3¯m~Z51 !→~G42 ,e15e250, e3Þ0 !→P4mm~Z51 !,
~1!
Pm3¯m~Z51 !→~R41 ,e15e250, e3Þ0 !→I4/mcm~Z52 !,
~2!
Pm3¯m~Z51 !→~X51 ,kx(X)5ky(X)50, kz(X)Þ0;e150,e2Þ0 !
→Cmcm~Z52 !, ~3!
and
Pm3¯m~Z51 !→~R41 ,e15e2Þ0, e350 !→Imma~Z52 !,
~4!
Pm3¯m~Z51 !→~M 31 ,kxz(M )5kyz(M )50, kxy(M )Þ0 !
→P4/mbm~Z52 !. ~5!
At the G high-symmetry point the irreducible representation
T1u5G4
2 may produce ferroelectric phase. There is only one
arm of the irreducible star of the representation R4
1 of
Pm3¯m . The ray representation of R4
1 is three-dimensional.
Hence, the order parameter has three components. In the first
case, Eq. ~2!, one component of the R4
1 order parameter
condenses. The X5
1 ~or in Ref. 23 k10t9) irreducible
representation,22 Eq. ~3!, would lead to Cmcm space group.
In Eq. ~4! two components of R4
1 are involved, leading to
Imma space group. The irreducible star of M point consists
of three arms, but the relevant ray representation M 3
1 is one-
dimensional. The symmetry reduction, Eq. ~5!, is due to con-
densation of a single arm kxz
(M ) of the M irreducible star.
In addition one can find that the common symmetry el-
ements of the space group from R point and M point create
another orthorhombic space group Pmnb , since the intersec-
tion reads
P4/mbm~Z52 !øImma~Z52 !5Pmnb~Z54 !. ~6! AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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taneous condensation of the two mentioned soft modes, one
at R and second at M point.
V. PHONON DISPERSION RELATIONS FOR
TETRAGONAL PHASE
The structural data of the optimized I4/mcm supercell
are given in Table I. Using this optimized structure, the
Hellmann–Feynman forces are calculated for x, z displace-
ments of Ca, Ti, and O1 atoms and x, y, z displacements for
another type of O2 atoms. The direct method enables us to
calculate the phonon dispersion curves shown in Fig. 2. The
dispersion curves are drawn through these high-symmetry
points of the tetragonal Brillouin zone, which correspond to
the high-symmetry points of the cubic Brillouin zone, from
which arises a given high-symmetry point of the low-
symmetry phase. Such presentation allows to compare
phonons in different reciprocal lattices.
In spite of the soft modes, the I4/mcm phase can be
stable at high-temperature. Then, however, it will be a dis-
placively disordered phase, since our lattice dynamics calcu-
lations show that all atoms reside in local potentials with
single minima.
VI. PHONON DISPERSION RELATIONS FOR
ORTHORHOMBIC PHASE
The present calculations show that the Pmnb structure is
stable and it is distorted from the cubic symmetry mainly by
tilting the TiO6 octahedra. The Ti atom is surrounded by six
oxygens in octahedral coordinations with bond length
1.9265, 1.9337, and 1.9423 Å, and bond angles 90.33°,
91.14°, and 91.28°, respectively. The small changes in the
Si–O distance and small deviation of the O–Si–O angles
from 90° show that the TiO6 octahedron is quite regular.
The calculated zero-temperature, zero-pressure phonon
dispersion relations of the orthorhombic Pmnb crystal are
shown in Fig. 3. There, the wave vector path corresponds to
the one shown in Fig. 1 for the cubic phase. The discontinui-
FIG. 2. Phonon dispersion relations of CaTiO3 for tetragonal I4/mcm
phase. The path in reciprocal space, along which the phonon branches are
calculated, corresponds to the same path as for Pm3¯m phase. Exact phonon
frequencies are at G, X, and Z points.Downloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject toties seen at the G point are due to the LO/TO splitting. By
symmetry all zone center modes are singly degenerate.
The phonon dispersion relations shown in Fig. 3 are cal-
culated from the supercell specified in Table I. It has a shape
close to 23232 supercell of the cubic phase. According to
the direct method this shape of the supercell provides exact
phonons at the G and T high-symmetry point of the Brillouin
zone. For this supercell the remaining high-symmetry points
do not belong to this list. We found that the force constant
values diminish only one and a half order-of-magnitudes in
the distance: supercell center–supercell surface. Such a de-
crease is insufficient to fulfill the assumptions that the force
constants cease out within the supercell range. Hence, the
phonon frequencies may bear some uncertainties related with
the cutoff of the long range interaction potential. As a con-
FIG. 3. Phonon dispersion relations of CaTiO3 for orthorhombic Pmnb
phase. The path in reciprocal space, along which the phonon branches are
calculated, corresponds to the same path as for Pm3¯m phase. Exact phonon
frequencies are at G and T points.
FIG. 4. Phonon dispersion relations of CaTiO3 for orthorhombic Pmnb
phase, as calculated from the elongated supercell. Exact phonon frequencies
are at G and Z points. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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sity of states for Ca, Ti, and O atoms.
Note different vertical scales.sequence, the phonon frequencies of one doubly degenerate
mode at the Z reciprocal lattice point become imaginary. To
check whether this imaginary frequency is a real soft mode
or an artifact caused by cutting a long interaction potential,
we have built a supercell with basic lattice vectors: a8
5aO , b85bO , and c852cO , where (aO ,bO ,cO) are the
orthorhombic unit cell vectors, which is elongated along the
orthorhombic z-axis. The deficit of the ground state energy
of this optimized supercell was E0521.4267 eV, close to
the similar value shown in Table I. The elongated supercell
provides exact phonon frequencies at G and Z points. Some
phonon dispersion curves, which involve these special
points, are shown in Fig. 4 and all these modes are real.
Summarizing, the calculations performed with two shapes of
the supercells indicate that the orthorhombic Pmnb phase is
stable against any phonon perturbation.
For completeness of the lattice dynamics, Fig. 5 provides
the total and partial phonon densities of states for Ca, Ti, and
O atoms. The Ca atom vibrates preferentially at lower fre-
quencies although the mass of Ca is only slightly lower than
that of Ti. This effect is a direct consequence of stronger
Ti–O bonding, and weaker coupling to Ca atoms. The Ti and
O atoms vibrate in the same frequency range, except the 23
THz region, which consists of oxygen vibrations only.
VII. DISCUSSION
We have presented the ab initio calculations of the struc-
tural and dynamical properties of the distorted perovskite
structures of CaTiO3 . The experimentally observed Pmnb
structure is considered to be a result of the condensation of
two soft modes. In other words two order parameters, one at
M and the second at R points of the cubic Brillouin zone are
essential for describing the structure of CaTiO3 . The Pmnb
phase is stable, but for that we had to consider two shapes ofDownloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject tosupercells, which provide exact phonons in different regions
of the Brillouin zone. The Pmnb ground state energy has the
lowest value ~see Table I!.
The tetragonal phase I4/mcm proves to be displacively
disordered, which means that severe atomic motion is needed
to preserve the observed higher symmetry. There is no
group-subgroup relationship between the tetragonal I4/mcm
and orthorhombic Pmnb phases, so this phase transition is
expected to be strongly of first order.
The observed high-temperature cubic perovskite-like
phase Pm3¯m has a displacively disordered character. From
the symmetry point of view the Pm3¯m
I4/mcm phase
transition can be of second order.
Our calculations of the ground state energy ~Table I! and
of the soft mode frequency of Cmcm orthorhombic structure
suggest that the Cmcm phase is less stable than the tetrago-
nal I4/mcm phase as proposed in Ref. 13.
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